A suspension of non-magnetic entities in a ferrofluid is referred to as an inverse ferrofluid. Current research to trap non-magnetic entities in an inverse ferrofluid focuses on using large permanent magnets to generate high magnetic field gradients, which seriously limits Lab-on-a-Chip applications. On the other hand, in this work, trapping of non-magnetic entities, e.g., bacteria in a uniform external magnetic field was studied with a novel chip design. An inverse ferrofluid flows in a channel and a non-magnetic island is placed in the middle of this channel. The magnetic field was distorted by this island due to the magnetic susceptibility difference between this island and the surrounding ferrofluid, resulting in magnetic forces applied on the non-magnetic entities. Both the ferromagnetic particles and the non-magnetic entities, e.g., bacteria were attracted towards the island, and subsequently accumulate in different regions. The alignment of the ferrimagnetic particles and optical transparency of the ferrofluid was greatly enhanced by the bacteria at low applied magnetic fields. This work is applicable to lab-on-a-chip based detection and trapping of non-magnetic entities bacteria and cells.
, and would be attracted towards the magnetic field source [5] [6] [7] [8] [9] . This method is used to selectively trap and continuously sort cells or biomolecules from a heterogeneous mixture by labeling target biological entities with functionalized MNPs [10] [11] [12] [13] . However this method is of limited practical significance due to the need for complex procedures to bind the MNPs to the non-magnetic entities. b) the non-magnetic entities in an inverse ferrofluid can be concentrated by negative magnetophoresis since they would be repelled from the source of the magnetic field 3, 14, 15 . The attraction of the MNP by the external field gradient will generate a fluid pressure gradient which will levitate the non-magnetic entities in the opposite direction 14, 16 . This force can be called the magnetic buoyancy force. The separation efficiency of non-magnetic entities usually depends on the relative position of the particle and the magnetic field source, strength of the magnetic field gradient, particle size, ferrofluid concentration, susceptibilities, and flow rate 3 . However, both these methods require high magnetic forces; usually one 17, 18 or a few 15, [19] [20] [21] permanent magnets have to be placed adjacent to the channel in which fluid flow is occurring in order to generate a non-uniform magnetic field. Since the fields of micro magnets are usually insufficient to generate a high magnetic field gradient, the sizes of the magnets are much larger than the channel, which is usually a few μ m wide. Also, the efficiency of separation depends to a great extent on the geometry of the magnet and its position. To obtain large magnetic field gradients, the magnets are usually closely placed near the channel, a small displacement of the magnet's position can significantly influence the field gradient. Small electromagnets 22 can generate non-uniform magnetic fields, but suffer similar limitations. Hence, the use of non-uniform magnetic fields seriously limits magnetic Lab-On-A-Chip applications.
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For example, a linear array of rectangular soft-magnetic elements was embedded beneath a microfluidic channel and magnetized using an external bias field [23] [24] [25] , and used to capture magnetic particles in a bioseparation microsystem but this method is complex.
Previous theories on particle manipulation driven by magnetic forces mainly focus on the magnetization of magnetic particles which can cause dipolar interactions between magnetic particles [26] [27] [28] [29] [30] [31] [32] . Less attention has been paid to physical interactions between non-magnetic and ferromagnetic entities.
On the other hand, we previously reported 33 that an external uniform magnetic field could be locally distorted by mixing entities that have different magnetic susceptibilities compared to that of the carrier fluid, this distortion generated a gradient of magnetic field, leading to magnetic forces. Thus, in this work, a design is proposed with a simple uniform external magnetic field making magnetic field induced particle manipulation a compact, "wireless", technique. A rectangular channel was milled away from a chip of PMMA, except for an elliptical pillar "island" remaining, in the middle of this channel (Fig. 1) . When the channel was filled with an inverse ferrofluid containing non-magnetic entities (e.g., bacteria with negligible magnetic susceptibility), this island would be surrounded by this fluid. When a uniform magnetic field was applied, it was found that the MNP and the non-magnetic entities would drift towards different regions of the island, resulting in separation and trapping. Enhancement of MNP alignment and fluid optical transparency was observed and investigated as a function of magnetic field.
Results

Alignment of Magnetic Particles Enhanced by Bacteria.
In this work, the external uniform magnetic field direction was from left to right. Figure 1 shows the alignment of MNPs without (a-c) and with (d-f) bacteria for a range of magnetic fields, in regions far from the island. Figure 1a and the Fig. 1d shows the MNP distribution for zero magnetic field. The bright dots in inset of Fig. 1d were bacteria cells because they can only be observed when the ferrofluid was mixed with bacteria. At higher applied magnetic field, MNPs alignment was observed along the field direction in regions far from the island. For ferrofluid without bacteria and with an applied field of 100 mT (Fig. 1b) , almost no alignment was observed in regions far away from the island. However, with a magnetic field of 250 mT (Fig. 1c) , alignment was observed.
Interestingly, with bacteria mixed with the ferrofluid (Fig. 1e,f) , needle shaped alignment could be observed in regions far from the island at much lower magnetic fields, e.g., at 5 mT. At 100 mT, long ferrimagnetic needles were observed.
Magnetic and Non-magnetic Particles Rearrangement. Figure 1 also showed the distribution of MNPs in the ferrofluid mixed without (a-c) and with (d-f) bacteria. Without an applied magnetic field (0 mT), the MNPs in a ferrofluid, with or without bacteria, were uniformly distributed (Fig. 1a,d ). When the magnetic field was applied (100 mT, Fig. 1b,f) , besides the alignment of MNPs in regions far from the island, MNPs near the island were also attracted and concentrated near the top and bottom tips of the island to form needle shaped clusters, however, MNP are absent from the middle section of the island. Interestingly, similar results due to small bubbles instead of an island (figure not shown) were also observed, MNP alignment was observed near the top and bottom sections of the bubbles.
In the presence of an applied magnetic field, the island could attract and accumulate magnetic particles as well as non-magnetic entities, e.g., bacteria. As shown in Fig. 2a , without applied magnetic field (0 mT), the bacteria were uniformly distributed in the ferrofluid. When magnetic field was increased to 200 mT, it was observed that bacteria (white dots) accumulated near the middle section of the island (Fig. 2b) , and remained in this section (Fig. 2c) , even after the magnetic field was reduced from 200 mT to zero.
From Figs 1 and 2, it was concluded that MNPs could be attracted to the tips of the island, and were absent from the middle sections. On the other hand, the non-magnetic particles accumulated at the middle section of the island.
Optical Studies. For the optical transparency study, the channel was placed parallel to the magnetic field, so that the major axis of the island was parallel to the magnetic field direction (left to right in Fig. 3 ). The light source was placed directly below (vertically) the chip so that better color contrast could be observed compared with previous studies.
As shown in Fig. 3a,d , without applied magnetic field (0 mT), the ferrofluid mixed with bacteria was dark, while the transparent island was much brighter, indicating low transparency of ferrofluid without magnetic field.
With increasing magnetic field, for the ferrofluid mixed with bacteria, MNP alignment could be clearly observed in the regions further away from the island as shown in Fig. 3b ,c, but much brighter than the previously discussed photos (Fig. 1e ,f) due to the vertical placement of light source.
Compared with Fig. 3a , at applied magnetic field of 5 mT (Fig. 3b) , the ferrofluid and bacteria mixture showed increased brightness, indicating that transmittance was increased due to MNP alignment. Transmittance could be further improved at magnetic field of 100 mT (Fig. 3c) , with bright and dark needle shaped MNP alignments. For comparison, the optical properties of ferrofluid without bacteria only changed slightly when magnetic flux density increased from 0 to 100 mT, as shown in Fig. 3(d-f) .
The average lightness ratio (R I ) of ferrofluid over island could be used to represent the transmittance of ferrofluid compared with the island, where the lightness (I) could be calculated using a formula 34 
Discussion
Modelling of Trapping. In a medium consisting of materials with different magnetic susceptibilities, the magnetic field lines would bend towards regions with higher magnetic susceptibilities, and away from non-magnetic materials. Figure 4a showed a 2D simulated map of magnetic flux density inside a channel filled with ferrofluid, with an elliptical plastic island in the middle of the channel. If there was no non-magnetic island in the channel, the magnetic susceptibility and magnetic field flux density inside the channel should be uniform and equal to that of the ferrofluid (1.51) and 10 mT, respectively. Due to the negligible magnetic susceptibility of the island, the magnetic flux density B, was not uniform (Fig. 4a) : B had its maximum values (~22 mT) near the top and bottom tips of the island, and minimum values (~ 8.8 mT) inside the island.
This non-uniform distribution of magnetic flux density could also be described by the contour plots of magnetic vector potential. The magnetic field lines were distorted by the island: denser near the two tips and less dense near the middle sections of the island, resulting in magnetic field gradients, hence there were magnetic forces on the MNPs.
For better understanding, another model was developed with the same applied external magnetic fields (10 mT, horizontal from left to right), but converting the relative susceptibilities (χ r = χ + 1) of the ferrofluid and middle island from χ ff + 1 = 1.51 + 1 = 2.51 and 0 + 1 = 1, respectively, to 1 and = .
χ + 0 4 1 1 ff , respectively, with the relative susceptibility ratios between the ferrofluid and the island maintained. If the real susceptibilities of the surrounding and island materials are χ 1 and χ 2 , respectively, then the converted susceptibilities (χ con ) are shown in Table 1 . In this case, the susceptibility of surrounding ferrofluid (χ 1 ) and the middle non-magnetic island (χ 2 ) are equal to 1.51 and 0, respectively, and the corresponding converted susceptibilities (χ con ) will be 0 and − 0.6, respectively. This is similar to the case where an elliptical island with susceptibility of − 0.6 is placed in air. The simulated results of B and Vz (figure not shown) using the converted susceptibilities (χ con ) are exactly the same as those in Fig. 4a . Thus the B field distributions depends on the relative susceptibility ratios of the two materials (e.g., ), rather than the magnitude of the difference in susceptibilities.
Hence, the field distortion by a non-magnetic island surrounded by a ferrimagnetic material can be converted to the case of a material with negative susceptibility surrounded by air or other non-magnetic materials. Compared with the surrounding ferrimagnetic materials (e.g., ferrofluid) with higher susceptibility, the middle island (or empty region like a bubble) with lower susceptibility (χ 1 > χ 2 ) can be treated as a magnetic material with "relative-negative" susceptibility.
Magnetic and Non-magnetic Particles Rearrangement. A particle tracing model was also used to numerically study the influence of island on the MNP and bacteria rearrangements (Fig. 4b) . In the absence of applied magnetic field, MNPs were uniformly distributed inside the channel (except the island region where there were no MNPs). For a small external uniform magnetic flux density of 10 mT, the non-uniform distribution of magnetic flux density in Fig. 4a would lead to a gradient of the magnetic field, resulting in magnetic forces applied to the MNPs. The MNPs inside the ferrofluid would drift towards higher magnetic flux density regions (Fig. 4b) , resulting in enrichment at the tips, which was same as described earlier in Fig. 1b,c. For the inverse ferrofluid in this work, the diameter of the non-magnetic particles, e.g., bacteria (~ 2.4 μ m), was typically several orders of magnitude larger than the nanosized MNPs (~10 nm). Hence, the ferrofluid (a mixture of carrier fluid and MNPs) could be treated as a hydrodynamically continuous and uniform fluid, and the bacteria could be treated as dispersed droplets. The magnetic forces were much greater on the magnetic ferrofluid compared to the non-magnetic particles, which generated a fluid pressure gradient inside the ferrofluid. The Fig. 4c,d shows the fluid pressure distribution of ferrofluid around the island for B = 10 mT and 0 mT, respectively. With B = 0 mT, the ferrofluid performs as a normal fluid like water, and since the pump was switched off during all measurements, the fluid pressure should be uniform and equal to 0 Pa (with a reference pressure of 1 atm) as shown in Fig. 4d . But with B = 10 mT, due to the magnetic forces applied on the ferrofluid the fluid pressure has its highest values near the two tips of island, and lowest values near the middle section of the island as shown in Fig. 4c . The variations of fluid pressure, which is the fluid pressure gradients, resulted in a "magnetic buoyancy" force on the bacteria (the arrows shown in Fig. 4c ). This is similar to buoyancy forces on a rising bubble inside water due to the pressure gradient caused by gravitational force. Since the "magnetic buoyancy" force directions were opposite to the magnetic forces applied on the ferrofluid, the bacteria around the island accumulated near the middle sections (Fig. 2b,c ). This could also been explained using the "relative-negative" susceptibility model as previously described in this work. The suspended non-magnetic particles (bacteria) had "relative-negative" susceptibility compared with the ferrofluid, so the bacteria experienced negative magnetophoresis, and were repelled from the high magnetic field regions (Fig. 4b , and a video of simulation was included as supplementary material).
The experimental results in Fig. 2 confirmed this bacteria accumulation with applied magnetic field. Thus, the efficiency of magnetic and non-magnetic particle trapping depends on the magnitude of the uniform applied magnetic field, relative susceptibility ratios of the two materials 
Alignment of Magnetic Particles Enhanced by Bacteria.
Compared with ferrofluid, the relatively higher magnetic susceptibilities of a MNP could bend the external initially uniform magnetic field lines towards the inside of this MNP, and this could generate magnetic field gradients around this MNP, leading to magnetic forces on the MNPs around this MNP. This would lead to the MNP to align in the direction of magnetic field to form MNP chains. This explanation was different from the previous theory using dipolar interactions between the MNPs (MNP-MNP interaction) caused by a magnetic field [26] [27] [28] [29] [30] . Similarly as MNPs, using the "relative-negative" susceptibility model, the bacteria suspended in ferrofluid should also bend the magnetic field lines away from the inside of the bacteria, resulting in alignment to form bacteria chains (bacteria-bacteria interaction).
Due to the much larger size of a bacterium compared with MNPs, bacteria would also distort the magnetic fields in the ferrofluid, thus each bacteria cell can be treated as a micron sized non-magnetic island. Thus MNPs should prefer to accumulate near the top and bottom tips of the bacteria (similar to Fig. 4b ). The definition of the positions of "the top and bottom tips" of the bacteria were similar to the one for the island inside the channel, the connecting line of those two tips was perpendicular to the magnetic field. The accumulated MNPs near the tips of the bacteria would form MNP clusters, resulting in increased local susceptibilities. Due to this MNP-bacteria interaction, a bacteria cell between two MNP clusters links those two clusters.
For the case of a non-magnetic island in the channel, the relatively higher MNP concentration in the clusters induced needle-shaped alignment of MNPs much more easily, even at much lower magnetic fields (Fig. 1b,c) . Similarly, by treating a bacterium as a non-magnetic island, we can explain the reason that in the regions far away from the island, the MNP alignment can be enhanced at low magnetic flux density by mixing ferrofluid with bacteria ( Figs 1e,f and 2b) .
Two needle-shaped MNP clusters from two nearby bacteria would interact with each other, align and merge into a single, longer, needle-shaped MNP cluster, aligned along the magnetic field lines. These MNP-MNP interactions also align the bacteria that attach to those clusters.
Thus, the three kinds of particle interactions, i.e., MNP-MNP, bacteria-bacteria and MNP-bacteria were observed. Interestingly, this would lead to a net of bacteria and MNP clusters, with alternating kinds of chains: MNP-MNP alignment and bacterium-bacterium alignment, and these alignments can be cross-linked due to MNP-bacteria interactions.
Optical Transmission. The dark brown MNPs dispersed inside the ferrofluid would reduce light transmission. When magnetic fields were applied to induce MNP alignment, most of the MNPs accumulated along the alignment lines, leaving the remaining regions with fewer MNPs. This "cleaned" ferrofluid greatly enhanced light transmission (Fig. 3) . Thus transmission depended on the MNP alignment, and the presence of bacteria in the ferrofluid could enhance MNP alignment as previously discussed, hence the mixture of bacteria inside the ferrofluid resulted in enhancement of light transmission, even at low magnetic field (Fig. 3b, 5 mT) .
Applications
This work shows that even at low uniform magnetic fields, a non-magnetic island within a channel can be used to produce highly non-uniform distributions of magnetic and non-magnetic particles within the ferrofluid. This can be readily detected by changes in optical transparency in the vicinity of the island.
The magnetic forces applied on the ferrimagnetic particles, the "magnetic buoyancy" forces applied on the non-magnetic particles (e.g., bacteria) and the particle drag forces can be readily tuned by parameters such as particle size, magnetic properties etc. We have described a new method for applications such as detection and capture of magnetic and/or non-magnetic particles. Cell sorting using channels with appropriate geometric design, e.g., a sawtooth shaped channel side-boundary can also be envisaged. The optical transmission effect can be coupled with existing optical devices.
Summary
An elliptical non-magnetic island in the middle of a channel was used, in the context of fluid flow in the channel, to experimentally and numerically study the distribution of magnetic nanoparticles and non-magnetic particles, such as bacteria in a carrier fluid. The island can be treated as a magnetic material with "relative-negative" susceptibility. The distortion of magnetic fields due to the island generates gradients of magnetic flux densities, resulting in magnetic forces. The magnetic particles accumulate near the island tips, while the non-magnetic particles (e.g., bacteria) accumulate near the center of the island. Each bacterium can concentrate the MNPs around its tips, and facilitate MNP alignment, even at low magnetic field. Interestingly, the interactions between bacteria and magnetic particles result in a net, with concentrated magnetic particles aligning along the magnetic field, cross linked and locked by the bacteria as nodes. Optical transmission was increased due to alignment of magnetic particles and by the presence of bacteria. This work would be useful for lab-on-a-chip applications such as detection and sorting of non-magnetic entities.
Methodology
Thermally bonded poly (methyl methacrylate) (PMMA) microfluidic chips were used for all experiments. A channel with one inlet and one outlet (Fig. 5 ) was fabricated by a standard computer numerical controlled (CNC) micro milling technique, followed by thermal bonding, by removing PMMA from the channel except a pillar of elliptical cross section (island) in the middle of the channel. This island, made of PMMA, had a semi-major axis of 1 mm and a semi-minor axis of 0.1 mm, with its major axis parallel to the chip direction (horizontal in Fig. 5 ). The rectangular middle testing section of the channel had a width of 5 mm and length of 30 mm. The depth of the channel, which was also the height of the island, was 47 ± 3 μ m.
The chip was placed horizontally in a uniform magnetic field. The major axis direction of the elliptical island inside the channel was perpendicular or parallel (for fluid transparency tests only) to the magnetic field. A high speed camera (Phantom MIRO, M320S) was placed vertically above the chip to capture particle distribution inside the channel. A light source was placed below the chip with 30° shift from the vertical direction for most of the studies, except for the optical study where the light source was vertically placed below the chip. A syringe pump (KDS Gemini 88) and tubes were connected to the chip only to fill the fluids into the channel. The pump was switched off during testing and measurements, so that steady state studies of the ferrofluid were carried out with varying external uniform magnetic flux density. Preliminary tests were carried out to determine the useful range of bacteria concentration, MNP concentration and diameter and magnetic field strength.
Materials
The black-brown color water based ferrofluid (EMG707, FerroTec) had a density (ρ ff ) of 1100 kg/m 3 , dynamic viscosity (η ff ) of 4.5 mPa.s, initial volume concentration (C 0 ) of 2% and magnetic susceptibility χ ff of 1.51 in SI units. The magnetic particles in the ferrofluid had an average diameter d mnp = 2r mnp = 10 nm. All the material properties of this kind of ferrofluid were offered by its supplier.
Bacillus Megaterium (Item # 154900A, CAROLINA) with an equivalent ball diameter of ~2.4 μ m was prepared in water at a numerical concentration of 2.96 × 10 6 cells/μ l, which was confirmed by light microscope. The ferrofluid and bacteria mixture solution was prepared by mixing the ferrofluid with the Bacillus Megaterium-water solution, with a volume ratio of 2:1, so the final mixture has a bacteria numerical concentration of 9.87 × 10 5 cells/μ l. All the material properties of this kind of bacillus megaterium were offered by its supplier.
The chips and the islands were made of PMMA with a diamagnetic susceptibility of − 2.10 × 10 −6 . Air has a paramagnetic susceptibility of 3.79 × 10 −7 . The bacillus megaterium has a susceptibility of 3.0 ~ 11.5 × 10 −16 , depending on its oxidation state and temperature 35 . Thus, the chip, island, air and bacteria have negligible magnetic susceptibilities.
Numerical Simulation
The 2D modelling was performed using COMSOL Multiphysics (Extra fine mesh at the fluid and extremely fine mesh at the island, Fluid dynamics). The minimum and average quality was 0.7388 and 0.9786, respectively. Equations 1 and 2 can be used to describe the magnetic fields: where χ and χ r is the real susceptibility and relative susceptibility of the ferrofluid, respectively. The vectors B, H and M indicate the local magnetic flux density, magnetic field strength and magnetization, respectively. μ 0 and μ r represent vacuum permeability of free space and relative permeability of the material, respectively.
For the carrier fluids with non-zero magnetic susceptibility, the magnetic force (F m ) applied on a particle with magnetic susceptibility of χ p can be calculated as 24, 36 3 are the magnetic permeability and volume of a particle, respectively, and μ f is the magnetic permeability of the carrier fluid. For MNPs and bacteria, the values of particle radius (r p ) are 5 nm and 5 μ m, respectively. The magnetic susceptibility of the particles (χ p ) and bacteria are assumed to be χ ff /C 0 = 1.51/0.02 = 75.5 and 0, respectively. The particle's movement is governed by Newton's second law:
m p where m p = ρ p V p and vector a is the mass and the acceleration of the particle. The particle's density (ρ p ) 5170 and 1000 kg/m 3 of MNPs and bacteria, are 5170 and 1000 kg/m 3 , respectively.
